Cerebral hemodynamics are modulated in response to changes in neuronal activity, a process termed neurovascular coupling (NVC), which can be disrupted by neuropsychiatric diseases (e.g., stroke, Alzheimer's disease). Thus, there is growing interest to image long-term NVC dynamics with high spatiotemporal resolutions. Here, by combining the use of a genetically-encoded calcium indicator with optical techniques, we develop a longitudinal multimodal optical imaging platform (MIP) that enabled time-lapse tracking of NVC over a relatively large field of view in the mouse somatosensory cortex at single cell and single vessel resolutions. Specifically, GCaMP6f was used as marker of neuronal activity, which along with MIP allowed us to simultaneously measure the changes in neuronal [Ca 2þ ] i fluorescence, cerebral blood flow velocity (CBFv) and hemodynamics longitudinally for more than eight weeks. We show that [Ca 2þ ] i fluorescence was detectable one week post viral injection and the damage to local microvasculature and perfusion recovered two weeks after injection. By three weeks post viral injection, maximal neuronal and CBFv responses to hindpaw stimulations were observed. Moreover, single neuronal activation in response to hindpaw stimulation was consistently recorded, followed by~2 s delayed dilation of contiguous microvessels. Additionally, resting-state spontaneous neuronal and hemodynamic oscillations were detectable throughout the eight weeks of study. Our results demonstrate the capability of MIP for longitudinal investigation of the organization and plasticity of the neurovascular network during resting state and during stimulation-evoked neuronal activation at high spatiotemporal resolutions.
Introduction
Neurovascular Coupling (NVC) is the process by which local cerebral blood flow (CBF) is modulated to meet the energy demands from regional neuronal activity (Raichle, 1998) . Disruption of NVC leads to neuropathology and it has been reported in stroke and neurodegenerative conditions such as Alzheimer's disease (Girouard and Iadecola, 2006; Hamilton et al., 2010) . Most of the main functional imaging techniques rely on NVC to infer changes in neuronal activity, for example, fMRI measures blood-oxygenation level dependent (BOLD) signals, or cerebral blood volume (CBV) and blood flow (CBF) changes, positron emission tomography (PET) measures CBF, and near infrared imaging (fNIR) measures changes in deoxygenated and total hemoglobin Logothetis, 2010) . However, the mechanisms that modulate NVC are not fully understood, which in part reflects limitations of currently available imaging techniques that make it difficult to image long-term NVC dynamics at high temporal and spatial resolutions.
The investigation of the dynamic coupling between neuronal activity and changes in CBF ideally requires the capabilities to 1). Simultaneously image hemodynamic changes in neurovascular networks (e.g., CBF, CBV, and hemoglobin oxygenation) along with neuronal activity; 2). High spatial resolution to separately distinguish neuronal activity from vascular changes in arteries and veins; 3). High temporal resolution to capture stimulation-induced neuronal activation and hemodynamic responses in real-time; 4). A large field of view (FOV) to provide quantitative imaging of CBF in the neurovascular network; and (5) Capabilities for long-term measures of neuronal activity and hemodynamics, which are important to evaluate disease progression.
Conventional neuroimaging tools such as fMRI, PET and fNIR imaging have greatly advanced our understanding of brain function (Baron et al., 1982; Chance et al., 1998; Girouard and Iadecola, 2006) ; however, their spatial resolutions are limited (e.g.,~1 mm) and insufficient to resolve individual vascular compartments or cells in vivo, although recent work in animals has begun to resolve individual vessels with fMRI (Yu et al., 2012 (Yu et al., , 2016 . Multi-photon microscopy allows one to visualize the capillary vasculature and cellular details in the rodent cortex in vivo, but its FOV is too small to assess neuronal and vascular networks over a large cortical volume (e.g., > 1 mm 3 (Helmchen and Waters, 2002) ). To date, no study has assessed neuronal activity in parallel to the associated hemodynamic responses in real time across a several millimeter FOV at single cell and single vessel resolution. In addition, the challenges of maintaining a clear and unobstructed view of the cortex (Roe, 2007) and of long-term labeling of calcium fluorescence in a living brain makes it particularly difficult to image the cortex over a long time period (e.g., months). However, this is desirable when characterizing the progression of hemodynamic and neuronal changes in animal models of brain diseases that affect NVC. Herein, we developed an optical strategy to directly image both neuronal calcium signaling and neurovascular events to sensory stimulation with single cellular and vascular resolution in the mouse cortex longitudinally over an eight weeks period.
Material and methods
All experiments were carried out according to National Institutes of Health guidelines and were approved by the Institutional Animal Care and Use Committee at Stony Brook University. C57B6 mice (Jackson) were used. All animals were housed in a 12:12 h light-dark cycle. During the experiment, heart rate and body temperature were continuously monitored to ensure normal physiological condition of the animals.
Virus injection and cranial window implantation
Surgical procedures and AAV vector injections were performed under anesthetic conditions. At first, ketamine (10 mg/kg) and xylazine (20 mg/kg) were infused intraperitoneally (i.p.). Mice were placed in a stereotaxic apparatus under inhalational 1.5-2.5% isoflurane and their heads shaved using a small animal trimmer (Model No 41591-04302, Wahl) . A small hole was created in the skull over the hindpaw (HP) cortical area using a dental drill (XL-30w, OSADA Electric), and 0.3 μl of GCaMP6f virus (AAV1.Syn.GCaMP6f.WPRE.SV40, Penn Vector Core) was slowly injected into the HP cortex (AP -0.7 mm, ML 1.5 mm) for neuronal uptake. After the injection, animals were monitored daily to ensure that they remained healthy.
For the cranial optical window implantation, a region of interest (lateral: from 0.25 to 2.75 and anterior: from À0.25 to À2.75) was selected on the sensorimotor cortex. The cortical bone was thinned using a dental drill and was then carefully removed, leaving the dura intact. Dexamethasone sodium phosphate (50989-437-12, VEDCO) was applied to the exposed brain region that was then immediately covered with a 3 Â 3 mm 2 sterile coverslip and sealed with biocompatible glue. Dental cement was spread around the edge of the coverslip to further secure its attachment with the skull for longitudinal studies.
Multimodal optical imaging
In vivo optical imaging was conducted in animals anesthetized with dexmedetomidine (i.e., DEX, Pfizer, 0.0125 mg/kg, i.p.). A custom-built multimodal optical imaging platform (MIP) was used (Fig. 1A) , which includes multi-wavelength spectral and fluorescence imaging and laser speckle contrast imaging (LSI) modules (MW-LSI) integrated with three dimensional (3D) optical coherence tomography (3D OCT). In MW-LSI, two high-brightness light-emitting diodes (LEDs) at wavelengths of λ 1 ¼ 488 nm and λ 2 ¼ 568 nm were used for exciting GCaMP6f-expressed intracellular calcium ([Ca 2þ ] i ) fluorescence and total hemoglobin (HbT) imaging, respectively; a pigtailed diode laser (60 mW) at λ 3 ¼ 830 nm was delivered through a monomode fiber for LSI imaging. The fiber guided illumination was incident on the cortical brain through a chronic cranial window, in which the 3-channel light sources were pulsemodulated to sequentially illuminate the cortex and synchronized by a time-base interfaced with a computer for simultaneous imaging. The back-reflected light from each channel was collected through a modified zoom microscope (AZ100, Nikon) and acquired by a 16-bit sCMOS camera (Zela 4.2; Andor) at either 16 fps or 80 fps.
The 3D-OCT system was integrated with MW-LSI via a dichroic mirror (i.e., DM1, Fig. 1A ). Light exiting from the sample arm was connected to a custom scan head (C1) mounted on the microscope objective, in which ϕ5-mm collimated beam from the sample arm was transversely scanned by a pair of Galvo scanner (VM500; General Scanning), focused by an objective lens (f40 mm/0.1 N.A.) and reflected by DM1 onto the cortex. A typical FOV of 3 Â 3 mm 2 on the cortex was imaged to register and compare with LSI. Different from optical coherence angiography (OCA) for morphological imaging of the neurovascular network, specific raster scanning schemes were implemented to optimize the flow detection sensitivity for 3D optical coherence Doppler tomography (ODT), by which the camera was configured to operate at 20,000 A-lines per second with dense sampling (e.g., 0.05-μm pitch) along the x axis for fast blood flow such as in the large vessels and down-binned to 10,000 and 5000 Alines per second in post image processing to enhance the slow blood flow such as in the small vessels. This imaging platform can provide multimodal images including GCaMP [Ca 2þ ] i fluorescence, HBT, CBF, OCA, ODT (Fig. 1B-F) .
Sensory hind paw electrical stimulation
Two needle electrodes inserted under the skin of the contralateral hind paws of the mouse were connected to an electrical stimulator (A-M System 2100, Sequim, WA, USA) and synchronized with the image acquisition. Each hindpaw stimulation epoch lasted 10s, during which a serial of 1 Hz or 5 Hz bipolar rectangular electrical pulses (0.3 ms pulse width, 3 mA peak-to-peak amplitude) were delivered.
Imaging processing and quantitative analyses
μODT and μOCA imaging
The μODT image was reconstructed from phase subtraction method (PSM), in which the apparent Doppler flow speed v z,x was calculated from the measured phase shift between two successive OCT A-scans (Δϕ x, z ), i.e., v z,x ¼λΔϕ/(4πnTcosθ), where x, z denote lateral and axial coordinates, n is refractive index of brain tissue, T is duration between 2 Ascans, and θ is the flow or vessel angle with respect to z axis) (Ren et al., 2012; Zhao et al., 2000) . Because of intensive computation, graphic processing unit (GPU) with custom GUI programming was implemented to implement fast B-scan v z,x reconstruction and real-time maximum intensity projection (MIP) of 3D μODT display, as well as gradient tracking or 3D Hessian matrix method angle correction of capillary CBFv networks (You et al., 2014 (You et al., , 2017a . μOCA was reconstructed based on the voxel decorrelation between temporally adjacent OCT B-scans to extract speckle dynamics and thus identify vasculature from surrounding static tissue (Mahmud et al., 2013) . Four B-scans at a y position were recorded, i.e., I(x, z)jt i (i ¼ 1,2,3,4), then μOCA (x, z; y), as speckle variance based angiography was calculated by uOCAðx; z; yÞ ¼ Microvascular density in the mouse cortex was quantified with the fill factor (FF), which was calculated from the μOCA image. Frangi-Hessian filter was first used to globally calculate the vessel likeness of individual pixel of an en-face μOCA image by analyzing the eigenvalues (λ 1 , λ 2, λ 3 ) of its Hessian matrix (Frangi et al., 1998; You et al., 2017b) . The calculated Frangi-Hessian vessel-likeness map was converted to a binarized vascular image using an adaptive thresholding approach and then, a thinning operation was applied to skeletonize the microvascular network (Pal agyi and Kuba, 1998) . The vascular density distribution, defined as FF was calculated as a ratio of pixels occupied by skeletonized vessels to the total pixel numbers within a ROI,
FF ¼
Total pixels # occupied by vessels Total pixels # within the ROI (A.2)
Cortical CBFv map The cortical CBFv map was calculated pixel-by-pixel by processing the images in the LSI channel (λ 3 ¼ 830 nm). The relative CBFv change (ΔCBFv) was calculated from the speckle contrast constant K¼σ= < I > , i.e.,
where <I> and σ denote the mean and local standard deviation of the intensity within a sub-volume, and T is the camera exposure time. CBFv defined as < ν 2 > 1/2 that represents the rooted-mean-square speed of moving scattering particles (e.g., moving red blood cells in vessels) can be mapped according to the inverse proportion to the decorrelation time
À1 of LSI and calculated by either spatial or temporal pixel binning (Boas and Dunn, 2010) . To track the functional CBF response, a spatiotemporal binning strategy was developed to calculate the CBFv map (Chen et al., 2016) , which was found to greatly enhance the signal-to-noise ratio and while maintaining sufficient temporal resolution for detecting single stimulation evoked cerebral hemodynamic changes.
Stimulation-evoked vessel diameter change Quantification of stimulation evoked vessel diameter change in this study was retrieved from the associated blood volume changes. The images from the total hemoglobin channel at the isobetical λ 2 ¼ 570 nm (Fig. S1A ) were found to show high vascular contrast and independent of the confounding changes in oxygenated-and deoxygenated-hemoglobin state within the vessels, thus allowing for cortical vessel segmentation at high signal-to-noise ratio. Specifically, the vessel dilation or contraction was indicated by the marginal contrast HbT changes at vascular walls. A custom algorithm combining local adaptive vessel segmentation with distance transform was developed to generate a skeletonized vessel diameter map (Fig. S1) . A local adaptive threshold method was used to segment each cortical vascular image into a binarized vessel image (Fig. S1B) , which excluded potential artifacts induced by illumination and surface conditions. For each vessel, the central line and the diameter (Fig. S1C ) were calculated through a distance transform algorithm, encoding the diameter value at the corresponding position in the vessel skeleton (Fig. S1D) . Their changes during sensory stimulation were calculated by comparing the time-lapse vessel diameter maps.
Correction of tissue absorption on fluorescence detection
Because of neurovascular coupling, regional elevated neuronal activity is usually accompanied with functional hyperemia, evoking an increase in blood volume or total hemoglobin. The increase of local total hemoglobin resulted in an increase of tissue absorption that attenuated the GCaMP fluorescence emission at λ em ¼ 510 nm. To minimize the effect of tissue absorption on the fluorescence signal, we used an empirical correction approach. Briefly, as the wavelength of λ 2 ¼ 568 nm for the reflection image channel is close to that of λ em ¼ 510 nm for the fluorescence emission channel (i.e., <60 nm), the optical pathlength difference between these two wavelengths is negligible, and thereby the correction can be made by simply dividing the fluorescence ratio (i.e., ΔF/F o ) by the change in the reflectance intensity over its baseline value at λ 2 ¼ 568 nm (i.e., ΔI(λ 2 )/I o ),
At the cessation of the in vivo experiment, the mouse was transcardially perfused with 0.1 M phosphate-buffered saline (PBS), followed by fixation with 4% paraformaldehyde (PFA) in 0.1 M PBS. After 24-hour incubation in 4% PFA, the brain was cryoprotected by immersion in a 30% sucrose solution in 0.1 M PBS and sectioned to 50um-thick slices. For immunostaining of the mouse that received AAV1-Syn-GCaMP6f injection, tissue sections were treated with the primary antibody chicken anti-GFP (1:500; Life Technologies) to enhance the innate GCaMP fluorescence to facilitate: 1) identification of cellular uptake of GCaMP6f in neurons by co-staining with NeuN as shown in Fig 
Statistical analysis
Results were reported as mean ± standard error (SEM). One-way repeated analyses of variance (ANOVA) were used to test the significant change (p < 0.05) in the image signals within the experimental group (e.g., from week 1 to week 8), including stimulation-induced [Ca 2þ ] i and hemodynamic responses. Pairwise comparisons were then performed using paired t-test to find whether there was significant difference between different time points. For the comparison between two different experimental groups, two-tailed t-test was used to test for significance (p < 0.05).
Results

Multi-modal optical imaging to access neuronal activity with changes in neurovascular network simultaneously
To image NVC, we used a custom-built optical fluorescence imaging (OFI) platform ( the micro-injection on the neurovascular network. MW-LSI imaging was conducted from the first to the eighth week after viral-injection to image neuronal [Ca 2þ ] i signals at rest as well as [Ca 2þ ] i response along with hemodynamic changes induced by electrical hind-paw stimulation.
GCaMP6f neuronal expression and imaging in vivo
As illustrated in Fig. 2A , 1 day after AAV injection we carefully removed the bone over the HP somatosensory cortex and mounted a cover glass secured with dental cement. Blood vessels were clearly visible through the cranial window and visibility did not change over the 8-week period of the experiment ( After~20 days (i.e., by 3 weeks) post injection, strong epifluorescence signals were observed around the injection spot (e.g., pointed by an arrow in Fig. 2G ) that then extended peripherally into the surrounding cortical area through the 8 weeks of recording (Fig. 2H-L) .
The average time course for the changes in GCaMP6f [Ca 2þ ] i fluorescence intensities were measured prior to and up to 8 weeks post viralinjection (n ¼ 6, Fig. 2M ). GCaMP6f fluorescence intensity (F) increased from non-detectable at Day 0, to 448 ± 11.4 (photon counts) at 1 week post injection, 1208 ± 40.29 (photon counts) by the second week, and 2194 ± 122.2 by the third week. From fourth to eighth week, the GCaMP6f expression spread horizontally (Fig. 2H-L) and fluorescence intensity increased gradually from 3246 ± 105.4 to 6582 ± 305.6 (P < 0.0001, one-way ANOVA test, n ¼ 6).
To test the integrity of the tissue and virus expression around the injection site after long-term imaging, we perfused the mice for immunohistochemical examinations. Fig. 2B -D shows a cross section of a brain slice image obtained from a representative animal after 4 weeks injection, which shows that the AAV virus was mostly expressed in cortical Layers 2 to 4 (Fig. 2B) . Fig. 2C is a 'zoom-in' view of Fig. 2B , demonstrating the GCaMP6f cellular uptake. Although a small needle scar is seen at the center of the injection site (asterisk, Fig. 2B ), no major damage was observed in the surrounding tissue. Importantly, as shown in Fig. 2D and in Fig. S2C ), GCaMP6f fluorescence colocalized well with NeuN (a marker of neurons) whereas there was no overlap with GFAP ( Fig. S2F) , which is a marker of glial cells. This confirmed that the in vivo cortical GCaMP6f signals (Fig. 2E-L) were of neuronal origin.
Micro-injection temporally disrupts local neurovascular network
We used ultrahigh-resolution OCA (μOCA) and ODT (μODT) to image the vascular morphology (Fig. 1B) and quantitative cerebral blood flow velocity (CBFv) in arteries, veins and capillaries (Fig. 1C) . Additionally, LSI provided CBFv maps in cortical tissue, which allowed us to evaluate the effects of GCaMP6f micro-injection on the neurovascular network and on flow within the cortical tissue surrounding the injection site.
The chronic cranial window allowed us to periodically assess changes in the neurovascular network starting on the day of GCaMP6f microinjection (day 0) to week 8 post-injection. Representative sequential μOCA, μODT and LSI cortical images are shown in Fig. 3A1-A6 , 3B1-B6, 3C1-C6 respectively. The images revealed minor trauma from viral micro-infusion (<300 μm, Fig. 3A1 , A1', B1, B1' and Supplemental Fig. S3B ). GCaMP6f viral injection locally damaged small vessels (circled in Fig. 3A1, Fig. S3B ), interrupting blood flow (circled in Fig. 3B1 ) and reducing perfusion in the tissue near the injection site (circled in Fig. 3C1 ). Notice for example the broken vessels in the injection spot, (yellow and blue arrows in Fig. 3A2 ), where no detectable blood flow was observed with uODT ('black' hole as circled in Fig. 3B1 , B1'). However, after~3 days, blood flow in the local tissue had improved (Fig. 3C2) , and a new vessel was observed in the injection site one week after viral injection (circled in Fig. 3A3, 3B3 ), indicative of local revascularization ( Fig. 3A4-A6 ). Meanwhile, local CBF recovered (Fig. 3B4-B6 and Fig. 3C4-C6 ). Fig. 3A1 0 , A6 0 are 'Zoomed-in' revascularization images of the neurovascular network at the injection site obtained on the first day post-injection (A1) and at 4 weeks post injection (A6), respectively. (Fig. 3D) . To characterize the growth of the microvascular network, a fill factor (FF) was measured and was calculated based on μOCA images (You et al., 2017b) . Fig. 3D shows that the FF gradually increased from 0.057 ± 0.0005 at Week zero to 0.064 ± 0.0024 at the first week, and then to 0.089 ± 0.0072 by the second week. FF plateaued from the third to the fourth week post viral injection (0.096 ± 0.0043, P ¼ 0.059, n ¼ 6). The rapid changes in FF in the first two weeks post viral injection (i.e., from Week 0 and Week 2) reflected the increases in vascular density (P < 0.001, n ¼ 6) due to revascularization. In parallel CBFv measured with μODT also increased, i.e., from 0.89 ± 0.34 mm/s at Week zero, to 5.99 ± 0.21 mm/s at second week, after which it plateaued till the fourth week (i.e., 6.46 ± 0.13 mm/s) (P < 0.0001, one-way ANOVA test, n ¼ 6). The perfused blood flow in tissue detected by LSI also increased from 2.8 ± 0.17(X10 ] i activity in the resting state in cortical tissue was observed ( Supplemental  Fig. S4B ). The relative changes of spontaneous [Ca 2þ ] i fluorescence ΔF s over the background fluorescence F (ΔF s /F) were tracked for several weeks. Supplemental Fig. S4 shows the time course of GCaMP6f fluorescence at resting state from the third till the eighth week post injection, which indicates that the spontaneous [Ca 2þ ] i transients were detectable on the third week (Supplemental Fig. S4C ) and became more robust at 3.5-4.5 weeks but then declined by the sixth to eighth weeks (P < 0.0001, n ¼ 6). Specifically, mean cortical ΔF s /F changed from 2 ± 0.09% at the third week, to 6.4 ± 0.3% at the fifth week, to 4.8 ± 0.3% at the sixth week, 3.9 ± 0.3% at the seventh week, and 3.6 ± 0.3% at the eighth week (P < 0.0001, one-way ANOVA test, n ¼ 6), respectively. The decrease in ΔF s /F from the sixth to eighth week could be associated with the highly expressed-G-CaMP neurons portioning into subcellular compartments such as nucleus (Supplemental Fig. S2I ). It has been reported that nucleus-filled neurons developed aberrant fluorescence responses after 5 weeks of expression .
During the experiment, the time courses of the background fluorescence (F) were stable (Supplemental Fig. S4B ), indicating minimal effect of cortical motion and the successful implantation of the chronic cranial window. In addition, there was no drifting observed in the ΔF s /F traces of the ROIs for at least 5 min (Supplemental Fig. S4B ), indicating no photo bleaching of GCaMP6f fluorescence during measurements.
To investigate the spatial and temporal profiles of neuronal populations responding to electrical HP stimulation (0.3 ms, 3 mA, 1 Hz and duration of 10 s), we inserted two needle electrodes in the contralateral hind paw (HP) from the location of the cranial window. Fig. 4A illustrates the spatial GCaMP6f fluorescence change in response to electrical HP stimulation. The mean amplitude of the stimulation-evoked fluorescence intensity change (ΔF/F) (Fig. 4C , n ¼ 6) was 1.5 ± 0.08% on the third week and increased to a maximum of 6.0 ± 0.3% at the fourth~fifth week, then decreased to 3.1 ± 0.4% by the eighth week (P < 0.0001, one-way ANOVA test, n ¼ 6). Fig. 4E illustrates the single stimulation-induced spatial and temporal ΔF/F changes within the imaging FOV of the HP cortex. It indicates that, after the onset of the stimulus the ΔF/F was increased spatially in HP cortex within 0.125s and reached a peak by 0.375s. Afterwards, it declined and returned to baseline by 0.625s, thus showing the sensitivity of our imaging system for detecting a single ΔF/F transient in response to a single electrical stimulus. Fig. 4F shows the superposed individual [Ca 2þ] i transients in response to 1 Hz stimulation (3 mA, 10 s) and their average time trace (blue curve, m ¼ 20) obtained from animals (n ¼ 20 trials) after four and half weeks of G-CaMP6f injection. It indicates that the time-to-peak, duration (measured as FullWidth-Half-Maximum, FWHM), and peak amplitude of the ΔF/F transients were 368 ± 36.6 ms, 537 ± 34 ms, and 6.00 ± 0.3%, respectively. Fig. 4G shows the ΔF/F changes of different ROIs across the HP cortical area, including ones located outside (ROIs a and f) and within the fluorescence expression area (ROIs b-e) (Fig. 4G) . The stimulation-evoked ΔF/F response was clearly seen within the GCaMP6f expression area, showing the ability of our protocol to identify the cortical regions that are responsive to stimulation (e.g., the circle approximately as shown in Fig. 4G ).
Simultaneous multi-channel imaging of neuronal and vascular responses to stimulation
In order to investigate the NVC that occurs during brain activation we X. Gu et al.
NeuroImage 165 (2018) 251-264 used the optical imaging platform to simultaneously image GCaMP6f [Ca 2þ ] i fluorescence (ΔF/F), total hemoglobin or blood volume (HbT) and CBFv responses to HP stimulation. In the early stage after viral injection, insufficient neuronal expression GCaMP6f through viral delivery could result in weak neuronal [Ca 2þ ] i fluorescence and hemodynamic responses to 1 Hz stimulation. Therefore, a strong stimulation paradigm (e.g., 3 mA, 5 Hz,10s) was used to generate a robust neuronal and hemodynamic reaction to ensure that we could detect neuronal and hemodynamic changes (e.g., [Ca 2þ ] i , HBT, CBFv) at the early time points after injection could be detected. These longer, higher frequency stimulations have been used for fMRI studies of rodent somatosensory cortex. in response to the HP stimulation (i.e., started at t 0 ¼ 5 s as shown in Fig. 5D ) and peaked at~5.8 s after stimulation (Fig. 5A3) . Meanwhile, the regional hemodynamic responses (ΔHbT and ΔCBFv) were also increased by the stimulation (Fig. 5B3 and Fig. 5C3 ). Fig. 5D shows the time courses for the average changes in ΔF/F, ΔHbT and ΔCBFv in response to stimulation across animals (n ¼ 6). Unlike the ΔF/F changes in response to 1 Hz stimulation (shown in Fig. 4B ] i and resulted in increase in mean ΔF/F fluorescence (Fig. 5D) .
Sensory stimulation induced a 5.6 ± 0.05% increase in neuronal [Ca 2þ ] i fluorescence (ΔF/F) during 5 Hz stimulation. Concurrently, ΔHbT increased 3.2 ± 0.07%, and ΔCBFv increased 44 ± 2%. Interestingly, ΔHbT and ΔCBFv started to decrease before the stimulation period ended, whereas neuronal Ca 2þ fluorescence persisted. ΔHbT and ΔCBFv returned to baseline 4-5 s after the end of the HP stimulation whereas neuronal Ca 2þ fluorescence returned to baseline only after 9-10 s. Similarly, others have observed that for prolonged stimulation (e.g., !10 s) ΔHbT tended to return to baseline after the initial peak at~6s, which might reflect constriction of pial arteries in the cortical surface (Devor et al., 2008; Hillman, 2014) . The post-stimulus arterial vasoconstriction could play a role in the post-stimulus undershoot observed with fMRI (Buxton, 2012 ). These results demonstrate that our multi-modal imaging platform can distinguish neuronal activity changes and hemodynamic responses to stimulation simultaneously in the living brain. However, it is clear that a higher frequency, longer-term stimulation leads to effects that are different and likely not a sum of individual slower frequency responses, including the early vasoconstriction and the very slow recovery of calcium that we observed. The HP stimulation experiment was repeated weekly and ΔF/F, ΔHbT, ΔCBFv signals were recorded over 8 weeks. The stimulation-evoked hemodynamic responses of ΔHbT, ΔCBFv were detectable in the first and second week post injection but were relatively weak (i.e., ΔHbT<4%, ΔCBFv<25%) (Fig. 5E) , which likely reflected micro-damage at the site of injection. However, at 3 weeks post injection, the stimulation-induced hemodynamic change increased, which most likely reflected recovery of the vasculature (Fig. 3D) . Specifically, ΔHbT was 2.1 ± 0.02% in the first week and increased to 4.35 ± 0.1% in the third week; and ΔCBFv was 23 ± 2% in the first week and increased to 55 ± 1.6% in the third week (n ¼ 6). Afterwards, the stimulation-induced hemodynamic responses stabilized, ΔHbT from 4.25 ± 0.4% at fourth week to 5.1 ± 0.27% at eighth week (P ¼ 0.094, one-way ANOVA test, n ¼ 6); and ΔCBFv from 58.9 ± 5.8% to 63.3 ± 5.1% (P ¼ 0.798, one-way ANOVA test, n ¼ 6). The amplitude of ΔF/F for sensory stimulation increased from 3.0 ± 0.17% in the third week to reach a peak of 8.9 ± 0.6% at~4.5 weeks and then declined to 5.9 ± 0.19% at the eighth week (P < 0.0001, one-way ANOVA test n ¼ 6). These results indicate that the chronic window allows to image the neurovascular responses to stimulation for more than 8 weeks and that the best time-period for imaging is around the fourth or fifth week post GCaMP6f injection.
Simultaneous imaging of stimulation-induced neuronal activation and corresponding vascular dilation at neuronal and single vessel resolution
To study NVC, it would be useful to capture neuronal calcium changes in parallel to the associated hemodynamic changes across a large FOV in real time at single cell and single vessel resolution. Fig. 6 and Supplementary Fig. S5 demonstrate that our multimodal imaging system has the capability to do this from cells near the cortical surface. Fig. S5 shows the heterogeneous responses of cortical neurons in response to HP stimulation (3 mA, 5 Hz, 10s). As illustrated in Fig. S5A1 , the stimulation immediately evoked Ca 2þ ΔF/F increases (Δt ¼ 0.1 s, i.e., at t~5 s) in the HP cortex (i.e., 'original response area' marked as a white dished area in Fig. S5A1 ), indicating neuronal activation induced by the sensory stimulation. Interestingly, the activation rapidly extended over the surrounding area within seconds (Fig. S5A2) , and shifted to an anterior-lateral (A-L) direction toward the forepaw (FP, 'secondary response area') cortex at t ¼ 7s (Fig. S5A3) . At t ¼ 8-9 s the intensity of ΔF/F signals had decreased in the HP area but the activation in the FP cortex was still detectable (Fig. S5A5) . This demonstrates the capability of our optical image to capture the activity of a neuronal population within a relatively large FOV, which allowed us to track the 'cross-talk' of neuronal activation from HP to FP cortex for this stimulation paradigm (for detail dynamic changes, see Movie M2). Supplementary video related to this article can be found at https:// doi.org/10.1016/j.neuroimage.2017.09.055.
The 'zoomed-in' pictures of Fig. 6A1 -A3 in Panel A (Fig. 6) show GCaMP6f expression in single neurons obtained 4 weeks post G-CaMP6f injection. For example, the green dots in Panel A, or white spots in grey images A1-A3 are G-CaMP6f enhanced neurons. Several neurons, e.g., cell 1 to cell 6 in Fig. 6A1-A3 were selected to demonstrate their activities during the resting state (Fig. 6D) and their responses to HP stimulation (3 mA, 5 Hz, 10s). The cells were estimated to be~250 μm below the cortical surface (e.g., Fig. 2B ). Fig. 6D shows spontaneous calcium transients of individual neurons, i.e., cell 1 to cell 6 at resting state, indicating the high sensitivity of our imaging system to image neuronal activity at single cell resolution. Fig. 6B shows two-dimensional (2D) projection of the total hemoglobin image obtained from the HbT channel (λ ¼ 568 nm) simultaneously with the fluorescence channel, demonstrating the capability to image the neurovascular network at single vessel resolution.
To analyze NVC at the single neuron and single vessel scale we chose 3 different ROIs along the direction from HP to FP, i.e., A1, A2, A3 in HP, region between HP and FP (the so-called boundary B), and FP areas (Panel A, Fig. 6 ). In each ROI, two neurons (e.g., cell 1 and cell 2 in A1) and two micro vessels in the same area (diameter <50μm as shown in Panel B, e.g., V1 and V2 in Panel C, Fig. 6 ) were selected to track the stimulation-induced changes in [Ca 2þ ] i fluorescence (ΔF/F) and in micro vessel dilations (Δϕ/ϕ) ( Fig. 6 Panel C). Fig. 6E shows the time traces of [Ca 2þ ] i ΔF/F signals of cells 1-6 (color lines) superposed with the corresponding near-by micro vessel dilations (black dashed curves). It shows that, cells 1 and 2 responded first, i.e., immediately following stimulation and peaked at t p~1 .5-2.5s, then cells 3-4 followed (t p~3 s-4.2s) and finally cells 5 and 6 (t p~5 s-6s) (Supplemental Movie M3). The vascular responses followed the neuronal activation (Supplemental Movie M4) but with a consistent~2 s delay from the [Ca 2þ ] i ΔF/F signal (Fig. 6F ). Fig. 6G shows the temporal correlation between the local neuron activities and the vascular responses to stimulation, indicating a coupling between them (correlation coefficient, R ¼ 0.978). These results demonstrate the capability of our imaging system to monitor stimulationevoked neuronal and hemodynamic changes at high spatial (single neuron and single micro vessel < 50 μm, diameters) resolution and high temporal resolution (millisecond level). Supplemental Fig. S5 . B-D illustrate the [Ca 2þ ] i fluorescence changes in HP, B and FP cortical regions in response to HP stimulation observed from different animals. The time to peak of ΔF/F response in HP, B, FP cortical area were 2.54 ± 0.31s, 4.8 ± 0.28s, 6.9 ± 0.18s, respectively (n ¼ 3).
Supplementary video related to this article can be found at https:// doi.org/10.1016/j.neuroimage.2017.09.055.
Discussion and conclusions
In this study, we report on an in vivo optical imaging platform that can be combined with genetically encoded calcium indicator and a cranial chronic window over the somatosensory cortex to image the neurovascular network repeatedly over 8 weeks at single neuron and single vessel resolution in a relatively large FOV. These capabilities allowed detection of spontaneous neuronal activity during the resting state and to measure the dynamic neuronal and hemodynamic responses to sensory HP stimulation longitudinally. This allowed us to characterize the recovery of the neuronal tissue to the local injury from viral injection and to monitor the changes in the strength of the [Ca 2þ ] i fluorescence signal as a function of time from injection.
Our studies demonstrate that:
1) The single stimulation-evoked GCaMP6f [Ca 2þ ] i signal, measured using ΔF/F fluorescence change in response to sensory stimulation, were detectable at the 3rd week post GCaMP6f delivery with peak intensities observed during the fourth -fifth week ( Fig. 4B and C) . ΔF/ F [Ca 2þ ] i fluorescence slightly declined after the fifth week possibly due to subcellular accumulation of GCaMP6f such as in the neuron's nucleus . Nonetheless, the ΔF/F signal in response to sensory stimulation was still robust and over 4% at the eighth week (Fig. 4C) . This indicates the capability of this technique for long-term tracking of neuronal Ca 2þ responses to single stimulation.
2) The ΔF/F [Ca 2þ ] i fluorescence and hemodynamic changes (ΔHbT and ΔCBFv) in the cortex were simultaneously imaged from the third to the eighth week post viral delivery (Fig. 5) , thus indicating that our multi-modality imaging allows for longitudinal studies of NVC. 3) A large population of neurons (e.g.,~>200 neurons in Fig. S5 or Supplemental movie M3) were observed within the FOV of the image during 5 Hz, 10s stimulation. The activation of these neurons with their surrounding vessels were simultaneously recorded in response to sensory HP stimulation. The neurons in the HP cortex were immediately activated and then extended to the surrounding cortical area (Supplemental Fig. S5 ). Contiguous micro-vessels were dilated in response to the stimulation following activation of neurons (Fig. 6E ), but with a~2 s delay to the neuronal responses (Fig. 6F) . Moreover, the temporal responses between the neurons and vessels were highly correlated (R ¼ 0.98, Fig. 6G ). This observation was reproducible (Fig. 6H) ; however, the responses to the high-frequency and long stimulation were likely not simply a sum of stimulations. For example,
vasoconstriction occurred before the stimulation ended and the spread to surrounding areas was not expected. 4) The micro-injection for GCaMP delivery induced minor damage ( 300 μm) in the local neurovascular network (Fig. S3 ), but it recovered (<2 weeks) as angiogenesis (Fig. 3A6') progressively restored CBF in the injection site (Fig. 3B6') .
The longitudinal imaging approach developed here is important because neuropathology for many of the brain diseases emerges progressively (Hamilton et al., 2010) and thus animal models would benefit from the capability to monitor the progression of those changes in vivo. Moreover, the disruption of hemodynamic processes has been implicated in many brain diseases such as stroke, Alzheimer's disease, diabetes, and drug abuse and its implicated in the cognitive and behavioral deterioration associated with aging (Hillman, 2014) . Thus, an imaging method that allows the study of dynamic interactions of neurons with their surrounding neurovascular networks longitudinally is a powerful tool to explore the mechanism of diseases in the relevant animal models and will also be of value for assessing responses to treatment.
Calcium changes are involved in many cellular processes including neuronal plasticity and excitability (Helmchen et al., 1999) . In excitable cells, calcium fluxes are closely linked to electrical activity (Helmchen and Waters, 2002) . Thus, measurements of cellular calcium changes reflect neuronal activation. The genetically encoded Ca 2þ indicator offers cell-specific targeting and longitudinal assessment. Genetically encoded calcium indicators (GECIs) have been successfully used to record stimulation-induced responses in the somatosensory and visual cortices of mice through chronic windows using microscopic imaging (Andermann et al., 2011; Grienberger and Konnerth, 2012; Minderer et al., 2012) . However, microscopic imaging has a small FOV limiting the assessment to restricted areas and also requires the intravenous infusion of a fluorescence contrast agent in order to image CBF (Rosenegger et al., 2015) . Direct measure of neuronal activity requires voltage sensitive indicators and a new generation of genetically encoded indicators are emerging and can be incorporated (Lou et al., 2016) . When we stimulated at 3 mA, 5 Hz for 10 s we observed that the stimulation-evoked calcium signaling extended from HP into FP cortex. This likely reflects neuronal connectivity between the nearby cortical regions but can propagate via thalamocortical interactions as well. However, this stimulation-evoked spreading of [Ca 2þ ] i activity beyond the HP observed here is different from the slow Ca 2þ oscillations previously reported by others (Kerr et al., 2005 ,Steriade, 2006 Stroh et al., 2013) . Firstly, the Ca 2þ signal observed here increased rapidly in response to stimulation and gradually recovered after stimulation, thus indicating stimulation-evoked origin. In contrast, the Ca 2þ oscillation waves changed periodically going up-to-down at each location while it spread continuously to the surrounding cortical areas. Secondly, in our study the transfer speed of the response from HP to FP was~0.5-1 mm/s during the stimulation period, while the Ca 2þ oscillation wave previously reported was faster (e.g., >30 mm/s; (Stroh et al., 2013) . In addition, the Ca 2þ indicator and the anesthesia used in prior studies were different from those used here. The observation of spread of Ca 2þ responses is also distinct from cortical spreading depression (CSD), which has a much slower wave propagation (i.e.,~3-5 mm/min). CSD also completely depolarizes brain cells for about 1 min followed by silencing of brain electrical activity that lasts several minutes (Dreier, 2011; Enger et al., 2015; Pietrobon and Moskowitz, 2014; Somjen, 2001) . Indeed, as shown in Figs. 5D and 6E, our results showed that the Ca 2þ i signals induced by the stimulation paradigm of (3 mA, 5 Hz, 10s) returned to baseline shortly after the stimulation (<10 s) and spontaneous neuronal activity was observed after stimulation (e.g., t > 25s, Supplemental M3). fMRI experiments have also detected activation into neighboring regions (Goloshevsky et al., 2011) during somatosensory stimulation and voltage-sensitive dye imaging has detected crosstalk between sensory areas (Grinvald and Hildesheim, 2004) . The mechanism underlying the cross talk between HP and FP after stimulation is unclear, but could be associated with horizontal axonal connection (Kerr et al., 2005; Steriade, 2006) and/or intracortical fibers between cortical areas (Gonzalez-Burgos et al., 2000; Telfeian and Connors, 2003) . There is also sufficient time for thalamocortical interactions to influence the spreading.
However, care should be taken in interpreting the results from the faster, longer stimulation. An intensive stimulation paradigm such as 5 Hz over 10s results in a nonlinear neuronal and hemodynamic response in brain (Schulz et al., 2012) , as clearly measured by the vasoconstriction that occurred prior to the end of the stimulation and the very slow recovery of the GCaMP6f fluorescence.
A limitation of our study was that imaging was restricted to the brain surface except for the OCT imaging. Unlike 2-photon or confocal microscopy (Chelaru and Dragoi, 2014; Fiscella et al., 2015) , the surface reflection approach of fluorescence imaging applied to highly scattering tissue such as brain does not enable to reject scattering noise from out-offocal-plane of brain tissue. Therefore, the detected Ca 2þ fluorescence intensity could be an integration of Ca 2þ from a selected single neuron and the background Ca 2þ fluorescence. In other words, the Ca 2þ fluorescence intensity from the selected cellular ROI could be partially attributed to that of the surrounding neuronal populations. Deeper cortical imaging should be possible with a slight modification of the light source and detection for longer wavelengths in combination with GECIs, which emit at the near infrared region (Akerboom et al., 2013; Inoue et al., 2015) . Furthermore, alternative techniques such as spatially restricting neuronal cell types and spatial expression from a transgene places in a relevant endogenous locus would be useful for achieving higher specificity, higher expression, and avoiding damage and possibly enable imaging for longer times (Sadakane et al., 2015) . Our ultrahigh-resolution OCT technique provides uOCA and uODT simultaneously, which permits imaging the morphology of the neurovascular network and quantifies the CBF within the vessels including the microcirculation in capillaries (You et al., 2015) . In this study, we observed revascularization around the first week and recovery of CBF at the second week post GCaMP delivery. Interestingly, other studies have shown that revascularization was associated with neurogenesis (Carmeliet, 2003; Palmer et al., 2000) . This implies that the revascularization after trauma may alleviate neuronal damage by improving local CBF and metabolite delivery to the nutrient-deprived neurons (Frontczak-Baniewicz and Walski, 2003) . However, whether the accelerated revascularization in mice brains would aid the axonal remodeling or neural integrity deserves further investigation, which can be accomplished using our multi-modal system.
In the early stage following viral injection, there was insufficient neuronal GCaMP expression and injection-induced damage to microvessels that resulted in weak signals from both neuronal Ca 2þ fluorescence and hemodynamic responses to the stimulation. A strong stimulation paradigm (3 mA, 5 Hz and 10s) was chosen to ensure that neuronal and hemodynamic signals (e.g., Ca 2þ , HBT, CBFv) were detectable. To keep consistency over the repeated measurements for several weeks, the same stimulation paradigm was applied throughout the study. With this stimulation paradigm, we have observed a long-tail recovery in Ca 2þ fluorescence signal (e.g.,~9-10s after stimulation) that was longer than the hemodynamic response (Fig. 5D ). This is likely due to dysregulation of Ca 2þ from the long stimulation in combination with the GCaMP6f buffering properties (Schulz et al., 2012) . Our study was conducted on anesthetized animals using dexmedetomidine (DEX) Dexmedetomidine is a α2-adrenergic receptor agonist (Montijn et al., 2016) . Unlike many other anesthetics (e.g., volatile anesthetics such as isoflurane, etc.) that deeply suppress central nervous system (CNS) activity (Rehberg et al., 1996) , DEX induces a neural state similar to natural sleep (Nelson et al., 2003) . This anesthetic regiment has been widely used in fMRI studies. We chose this drug based on its following advantages for brain function studies, including that it can provide 1) long-term stable physiological conditions (>2 h) (Pawela et al., 2009; Weber et al., 2006) ; 2) reproducible BOLD responses to FP stimulations that are similar to those of α-chloralose, which preserves brain activity and neurovascular coupling (Keilholz et al., 2004) ; 3) preserves frequency dependent stimulation BOLD responses and the strength of resting state functional connectivity (Jelescu et al., 2014; Magnuson et al., 2014; Pawela et al., 2009) .
In summary, the techniques presented here remove an obstacle for studying NVC over a long period of time. In future studies, the technique, combined with an awake animal model and various cognitive tasks, should shed light on the organization and plasticity of NVC.
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